(GPS) coordinate time-series is a well-established practice that has led to great insights into how the Earth deforms. Often small discontinuities are found in such time-series and are traceable to either broad-scale deformation (i.e. earthquakes) or discontinuities due to equipment changes and/or failures. Estimating these offsets accurately enables the identification of coseismic deformation estimates in the former case, and the removal of unwanted signals in the latter case which then allows tectonic rates to be estimated more accurately. We develop a method to estimate accurately discontinuities in time series of GPS positions at specified epochs, based on a so-called 'offset series'. The offset series are obtained by varying the amount of GPS data before and after an event while estimating the offset. Two methods, a mean and a weighted mean method, are then investigated to produce the estimated discontinuity from the offset series. The mean method estimates coseismic offsets without making assumptions about geophysical processes that may be present in the data (i.e. tectonic rate, seasonal variations), whereas the weighted mean method includes estimating coseismic offsets with a model of these processes. We investigate which approach is the most appropriate given certain lengths of available data and noise within the time-series themselves. For the Sumatra-Andaman event, with 4.5 yr of pre-event data, we show that between 2 and 3 yr of post-event data are required to produce accurate offset estimates with the weighted mean method. With less data, the mean method should be used, but the uncertainties of the estimated discontinuity are larger.
I N T RO D U C T I O N
For the past few decades, time-series of positions derived from space-geodetic analyses have been used to investigate crustal deformation processes on Earth. Global Positioning System (GPS) time-series have been used to study glacial isostatic adjustment (e.g. Milne et al. 2001) , hydrological loading (e.g. Bevis et al. 2002; ) and pre-, co-and post-seismic earthquake deformation (e.g. Bürgmann et al. 2002; Williams 2003b) . However, the estimation of geophysical signals such as uplift rates and seasonal loading signals are affected by discontinuities in the GPS time-series that can be caused by equipment changes at individual stations as well as earthquakes causing spatially coherent offsets (e.g. Wdowinski et al. 1997; Williams 2003a; Williams et al. 2004) .
It is well known that the estimation of linear rates of motion (velocities) from time-series of positions are biased in the presence of discontinuities and many different approaches to the estimation of such offsets have been proposed previously (e.g. Gazeaux et al. 2013) . Many such studies focus on the identification of offsets under the assumption that the timing of offsets is unknown. For offsets caused by equipment changes (e.g. the replacement of a receiver, antenna or even the disconnection and reconnection of an antenna cable), analysts are totally dependent on site operators to record all events that may affect the estimation of the site location. On the other hand, analysts know with great confidence the timing of discontinuities caused by earthquake deformation. In the former case, offsets are essentially nuisance parameters that must be removed from the GPS time-series in order to estimate geophysical signals (such as interseismic velocities), whereas the offsets themselves are a geophysical signal in the latter case. In both cases, the extent to which the offsets can be estimated affects the accuracy of any subsequent geophysical analysis.
Great earthquakes such as the Sumatra-Andaman event of 2004 December 26 are associated with a number of geodynamic processes occurring over a wide range of spatial and temporal scales including coseismic strong motion and permanent displacements, free oscillations of the solid Earth and, if located in oceanic regions, tsunamis. In addition, the redistribution of water masses in the ocean due to tsunamis induces further perturbations of the Earth's surface and gravity field (Plag et al. 2006) . GPSbased studies of seismic displacements from the rupture process of great earthquakes and the associated processes have provided information on the large-scale deformation field, including permanent coseismic offsets, post-seismic non-linear displacements and the tsunami-induced loading signal Khan & Gudmundsson 2005; Kreemer et al. 2006a) . In order to estimate coseismic offsets, time-series of weekly, daily or subdaily GPS coordinate estimates are generated from networks of GPS stations. These time-series contain interseismic strain information, coseismic displacements and post-seismic relaxations as well as seasonal signals and unmodelled orbital errors. In this study we focus on the ability to estimate coseismic offsets from GPS stations in the far-field of large earthquakes. Events with magnitude M w > 9.0, create displacements over a large part (or all) of the globe. Previous studies, for example and Tregoning et al. (2013) , estimated millimetre-level coseismic offsets at GPS stations thousands of kilometres from earthquake ruptures. For the Sumatra-Andaman earthquake (M w > 9.0), the earthquake ruptured about 1300 km of the Sunda and Andaman subduction zone (Pollitz et al. 2006; Banerjee et al. 2007) . Banerjee et al. (2007) showed that GPS stations close to the ruptured subduction zone underwent vigorous post-seismic relaxation in the years following this event, while Watson et al. (2010) and Tregoning et al. (2013) showed post-seismic relaxation effects in South Australia following the December 2004 Macquarie Ridge earthquake. Thus, the estimation of a discontinuity in a GPS timeseries is more complicated when caused by an earthquake than in the case of an equipment change because of the possible presence of post-seismic non-linear signals, even thousands of kilometres from the earthquake rupture. Historically, two different approaches have been used to estimate such coseismic offsets involving either estimating the difference between mean coordinate values of short sections of data before/after an earthquake or more sophisticated modelling of site motion that includes linear motion, seasonal signals and the coseismic offsets. In a study of the Landers earthquake in South California (1992 June 28), 100 d (in total) of GPS data were used to calculate coseismic offsets (Wdowinski et al. 1997) . For the study of the co-and post-seismic signals of the Nias earthquake (2005 March 28), Kreemer et al. (2006b ) used 180 d. Chen et al. (2004 estimated coseismic offsets arising from 2002 March 31 Taiwan earthquake (at Hualien) using 18 months of data. Boschi et al. (2006) used time-series from 2 to 9.5 yr of continuous data to produce the displacement field of the Sumatra-Andaman Earthquake.
In these studies, the length of the GPS coordinate time-series was selected based on some a priori assumptions on the statistics and geophysical processes embedded in the GPS coordinate time-series. GPS coordinate time-series are generally modelled as a sum of seasonal variations, noise (e.g. white noise, flicker noise and random-walk), the presence (or absence) of post-seismic relaxation and tectonic rate (Williams et al. 2004 ). For example, some studies take into account the post-seismic relaxation occurring at some GPS stations by either fitting a logarithmic model to the postseismic coordinate time-series using 180 d of data (Kreemer et al. 2006b ), or a straight line using 18 d before and 9 d after the event (e.g. Banerjee et al. 2007 ). Studies such as and Watson et al. (2010) justify the use of a very short window length (respectively 5 and 7 d) as a compromise in minimizing biases caused by daily variability, longer period time-correlated noise and post-seismic relaxation. To the contrary, long time-series are used in order to average the effect of stochastic and geophysical processes (i.e. coloured noise, seasonal variations), or to minimize the bias of removing the tectonic rate which affects the accuracy of coseismic offset estimates (Boschi et al. 2006) . This work investigates different approaches for estimating coseismic deformation. We consider the effect of different window lengths of data, the presence (or absence) of noise, seasonal variations, tectonic motion and post-seismic relaxation. We assess the effectiveness of different models of site motion, given different window lengths, for resolving coseismic offsets and which models work best given certain levels of noise and data availability. We describe an algorithm that calculates a coseismic offset of a given event based on no a priori assumptions about the statistics of the GPS coordinate time-series. The final goal is to provide precise and accurate coseismic offset estimates for GPS time-series from stations located in the far-field of a given event (with a distance ≥1000 km). The following sections describe our approach using simulated and real GPS time-series.
E S T I M AT I N G O F F S E T S : H Y P O T H E S I S A N D M E T H O D O L O G Y
Given a GPS coordinate time-series, it should be possible to estimate accurately an offset at a nominated time in the absence of any stochastic processes (i.e. noise). However, actual GPS timeseries are a sum of stochastic processes and other signals caused by, for example, seasonal variations, satellite orbit errors and other insufficiently modelled processes (Williams 2003b) . These stochastic processes contained in the GPS coordinate time-series, plus possible biases due to other offsets occurring within the same time frame of the selected GPS data, may affect the accuracy of the offset estimate because the processes are difficult to model. Therefore, the aim of this paper is to derive an accurate and precise offset from a given amount of data with little information about the characteristics of the different geophysical processes (i.e. amplitude of the noise, amplitude of the seasonal variations) embedded in the GPS time-series. The philosophy applies to offsets caused by any process, but in this paper we focus on offsets caused by coseismic displacements.
The results shown in this work assume that the time-series have had an a priori tectonic rate removed and therefore only a residual rate may remain. This bias of detrending the time-series is included in the total error of the estimated coseismic offsets and is denoted below as tectonic rate error. However, we do not investigate specifically the bias due to the estimation of a coseismic offset within GPS time-series as a function of the amplitude of the tectonic rate. Williams (2003a) dealt with this issue.
In the following section, we define a 'coseismic offset series' using simulated time-series. Section 2.2 describes the different ways of simulating GPS coordinate time-series, or inserting known offsets into actual GPS coordinate time-series. Finally, Section 2.3 focuses on two methods to produce a coseismic offset series, and the algorithms to estimate the final coseismic offset from those series.
Coseismic offset series: definition and examples
We simulate a GPS coordinate time-series with almost no noise (amplitude of white noise, A wh = 0.01 mm, amplitude of coloured noise, A co = 0.002 mm yr −1/4 ), a step function of 5 mm representing a coseismic offset, an annual (and semi-annual) periodic signal (amplitude, A p = 0.1 mm) to represent seasonal variations (Fig. 1a) , and with a small tectonic rate error (0.2 mm yr −1 ). In this study, the amplitude of the coloured noise is simulated following Williams et al. (2004) and Montillet et al. (2013b) . We estimate the coseismic offset using different window lengths of data centred on the date of the nominated event. This results in what we call a 'coseismic offset series', as shown in Fig. 1(b) . In this ideal case, the coseismic offset series is almost a straight line with a mean value equal to the true value of the coseismic offset. The x-axis of the coseismic offset series (Dt in days) displays the total amount of data (the amount of data before and after the event are the same) used to calculate each coseismic offset.
We now increase the amplitude of noise (A wh = 1 mm, A co = 0.2 mm yr −1/4 ) and tectonic rate error (Fig. 1c) . The at The Australian National University on May 19, 2016 http://gji.oxfordjournals.org/ Downloaded from amplitude of the seasonal signal remains the same. The associated coseismic offset series (Fig. 1d ) is no longer a straight line. Rather, it converges to the true coseismic offset value when the length of the GPS time-series is greater than 1800 d, that is 5 yr. Finally, we use the east component of a real GPS time-series (ONSA-Onsala station; Fig. 1e ) with a time span from 2000 March to 2010 January, and compute the associated coseismic offset series evaluated at the date of the Sumatra-Andaman event (Fig. 1f) . The fluctuations in the coseismic offset series using real data are more random. This highlights the challenge of estimating a precise coseismic offset from GPS time-series in the far-field of an event containing actual noise and geophysical signals. Note that we chose ONSA as an example of a time-series that is known to be unaffected by many large earthquakes and other discontinuities (i.e. antenna offsets). This makes it an ideal case for estimating the coseismic offset series from the real time-series.
Simulated coseismic offset in real GPS coordinate time-series
For a more realistic scenario of the actual noise in the GPS timeseries, we inserted offsets into actual GPS time-series containing real geophysical signals and stochastic processes. For this purpose, we selected GPS stations (e.g, ONSA) that do not contain postseismic relaxation signals, are not contaminated by many earthquakes or instrument related discontinuities and are located in the far-field of the great Sumatra-Andaman 2004 earthquake (Kreemer et al. 2006a) . We then insert a known coseismic offset at some specific time. In these simulations, the time of the simulated event corresponds to the Sumatra-Andaman earthquake (2004 December 26) . We vary the amount of data available after the event to investigate the effects of time-series length on the accuracy of the desired coseismic offset.
Methodology to estimate a coseismic offset and resulting coseismic offset series
The choice of the method to estimate the coseismic offset with the best accuracy and precision, depends on the amount of available data. For a sufficiently small amount of data, it is most likely that the noise dominates over the other geophysical processes. When increasing the amount of data, we gradually have to take into account tectonic rate errors and periodic variations.
In order to produce the coseismic offset series, we develop two ways of calculating the coseismic offsets for a given GPS coordinate time-series. A simple method (or mean method) consists of averaging coordinates immediately preceding and following the day of a nominated event, and then subtracting the mean values from each other. A full method uses the least-squares technique with a complete site motion model, including a linear trend and/or seasonal variations, to describe the coordinate time-series.
To test the procedures, we start with a formula for the full method with the functional model including linear trend and seasonal variations. Consider the linear equation for a times-series, y i , where there is one offset at time, t off (t 0 < t off < t N − 1 ), with N the number of samples in the nominated time-series.
where ε(t i ) is the error term and p i is the Heaviside function (p i = 1 if t i ≥ t off ). Using the same methodology proposed by Blewitt & Lavallée (2002) for deriving the velocity bias due to neglecting a periodic signal, one can estimate the total offset bias of the estimateŝ v = (ŷ 0 ,r ,ô) T . The offset bias error with the full method when using the model of site motion, including linear trend and annual signal, is given by:
which is similar to the equation of Williams (2003b) , but our formula is for the case of white noise only. The full derivation is given in Appendix A. Now if y(t) is some function that we have failed to take into account, it will then produce a bias in the estimatesv. By introducing the signal f(t) = a cos (2π ft − φ) in the derivation, one can then obtain the offset bias formula (see Appendix A):
Reusing the same methodology, it is also possible to account for a bias introduced due to a post-seismic relaxation mechanism,
,T], and τ is the relaxation time). Following the derivation given in Appendix A, the bias formula is then:
Finally when including only the tectonic rate in the functional model, the offset bias error is the square root of the quadratic sum of the eqs (2), (3) and (4). If the functional model includes the tectonic rate and a post-seismic relaxation model, the offset bias error is equal to eq. (3). We can apply a similar methodology to above when we use the mean method instead of the full method to estimate the offset. We estimate two means of length T/2 either side of the offset which can give the estimate of the offset bias σ o2 :
Appendix A gives some details on how to derive eq. (5). For the bias introduced in the case of the white noise, we refer to the estimation in Williams (2003b) . Finally, the offset bias for the mean method introduced with the linear trend, seasonal variations and white noise is the square root of the quadratic sum of σ 1 , σ 2 , σ 3 and σô (wh) . We now estimate the coseismic offset bias for the mean method and the full method when using different parameters, in order to study the way the two methods operate. The results for different values of the tectonic rate and amplitude of the seasonal variations are displayed in Figs 2(a) and (b). The amplitude of the noise is fixed to 3 mm for all the results. Fig. 2 (a) shows the coseismic offset bias series corresponding to the mean method, which generally have three characteristic regions. In the first part (Dt < 480 d), the amplitude of the noise and the amplitude of the seasonal signal are most likely the main sources of error affecting the accuracy of the estimated coseismic offset. Then there is a short interval which resembles an inflection point (480 < Dt < 700 d) where the error caused by the noise and seasonal signals is minimal. In the last part of the series, the estimated coseismic offsets are increasingly biased by the tectonic rate error. Note that when the amplitude of the seasonal signal is small (A p = 1 mm yr −1 ), the inflection point appears around 500 d, whereas when the amplitude of the seasonal signal is large the inflection point appears later on (650-700 d). In addition when adding a post-seismic relaxation signal (i.e. duration τ = 500 d, amplitude A PR = 2 mm), the results show that the bias error to the true value of the offset increases at the inflection point, and it also increases the time interval before the tectonic rate starts dominating the bias error in the estimated offset. Fig. 2(b) displays the results of the coseismic offset bias series produced by the full method using eqs (2)-(4). The functional model always includes the tectonic rate (Rate). Depending on the scenario, the seasonal signal (Seasonal) and/or the post-seismic relaxation model (PR) are included. When taking into account all these geophysical processes (Rate + Seasonal + PR), the remaining bias is due to the white noise. Note that if no post-seismic relaxation phenomenon was experienced in the time-series, the results will be reduced to the first two curves (Rate + Seasonal + PR, Rate + PR). Without post-seismic relaxation (or completely accounted for in the functional model), the first two curves show an asymptotic behaviour after approximately 100-1500 d. The results corresponding to Rate + Seasonal + PR converge to an error smaller than 1 mm after 100 d. Thus, the smaller the amplitude of the seasonal signal the sooner the asymptotic behaviour appears. In addition, the results show that it takes longer time-series to get the asymptotic part close to the true value of the offset when not accounting for a post-seismic relaxation mechanism (see last two curves-Rate + Seasonal). Note that we do not use the full method to estimate any coseismic offset if the amount of GPS data is less than 60 d (30 d before and 30 d after) in this scenario and all the following scenarios, because there is not enough data to estimate all the parameters in the model.
Looking at the coseismic offset bias series associated with the mean method, precise estimates are found at the inflection point in a selected interval (Mahnke et al. 2008) . Simulations show that it is difficult to find exactly this inflection point, but it is possible to calculate an upper bound of the interval where the inflection point should lie (if it exists). We formulate a hypothesis that the optimum interval corresponds to when the variance of the noise is greater than or equal to the variance of the time-series around a mean value without accounting for the tectonic rate error. However, the optimum window may be very short if the variance of the noise is very small or for a large tectonic rate error. In contrast, the optimum window may be greater than 1 yr for a small tectonic rate error (<3 mm yr −1 ) and a total noise amplitude (white and coloured noise) less than 5 mm. Averaging the coseismic offset over several years may be unrealistic in the case of real time-series, since a large number of events occurring during such period may affect the accuracy of the coseismic offset estimate (e.g. repetitive events affecting GPS stations close to the San Andreas fault (Wdowinski et al. 1997) .
Furthermore in Fig. 2(b) , the values of the coseismic offset estimated with the full method and short observation window, have large offset biases. This is the period where there are barely enough data to calculate the parameters of the full model. During this time interval (Dt < 100 d for Rate + Seasonal + PR (first curve -blue) , Dt ≤ 1000 d for Rate + PR only (second curve)), the mean and full method can yield similar results with large uncertainties. In order to derive a precise and accurate estimate of the coseismic offset with the mean method, one has to look at the coseismic offset series to detect any inflection points and find the optimum window. If no inflection point can be found or the optimum window is greater than a year, we choose to estimate the coseismic offset by averaging the coseismic offset series with a maximum amount of data equal to 100 d (50 d before and after the event) unless otherwise stated.
Figs 2(a) and (b) show how the coseismic offset series will behave with longer and longer time-series and given the amplitude of noise, seasonal signal, post-seismic relaxation mechanism and tectonic rate error. However, one can assume a similar behaviour of the offset bias error associated with the estimated coseismic offsets, as shown in Fig. 1 . Looking at the coseismic offset series associated with the full method, all points of the coseismic offset series with same order of magnitude of the uncertainties should be considered at The Australian National University on May 19, 2016 http://gji.oxfordjournals.org/ Downloaded from as precise estimates of the coseismic offset without any a priori knowledge of the true value of the coseismic offset. We derive our final estimate of the coseismic offset by calculating the weighted mean of the entire coseismic offset series, where the weight of each value in the coseismic series is the uncertainty associated with the coseismic offset estimate for each window length (Larson & Agnew 1991) . In the following sections, estimating the coseismic offset by first producing a coseismic offset series with the full method and then calculating the weighted mean to evaluate the estimate will be termed the 'weighted mean method'.
Note that the uncertainties associated with the mean method are estimated by calculating the root mean square of the observations for each selected window. The uncertainties associated with the weighted mean method are estimated from the covariance matrix assuming that the noise process is a first order Gauss-Markov process. We do this simplification of the noise model compared with a full stochastic model including white noise and flicker noise in order to decrease the computation time (Williams et al. 2004) .
Finally, including the seasonal signal into the full method yields virtually the same results as not including it when less than 1 yr of data are used (see Fig. 2b ). Thus, we always include a seasonal signal in the model of the site motion when estimating a coseismic offset in the remainder of this study.
R E S U LT S A N D D I S C U S S I O N S

Performances of the two methods using simulated time-series
The GPS time-series are simulated following the two first examples described in Section 2.1. They include white and coloured noise, seasonal variations and tectonic rate. The tectonic rate varies up to 30 mm yr −1 . However, the mean method is applied to timeseries with residual tectonic rate up to 5 mm yr −1 in order to replicate the error of detrending the time-series before applying this method. We evaluate the performances of the mean method and the weighted mean method through four scenarios as shown in Table 1 . In addition, as the simulated GPS time-series span 9.5 yr, it is sometimes relevant for some scenarios to compare the performance of the weighted mean method on short parts of the coseismic offset series. We use a weighted mean short-term strategy (Weighted Mean SS) when using a maximum of 1 yr of GPS data (6 months before and following the date of the event), and (Monte Carlo simulations). In each simulation, the uncertainties are estimated for each method following Section 2.3. The uncertainties displayed for each following scenario, are an average over all simulations.
In Scenario 1, we vary only the amplitude of the (white and coloured) noise according to the parameters listed in Table 1 , having inserted a fixed coseismic offset of 5 mm into the middle of the time-series (at 1734 d). Fig. 3(a) displays the mean error and the associated uncertainties for the two methods, with the x-axis showing the square root of the quadratic sum of the amplitude of the two noise components. Note that the amplitude of the noise is defined in the same way for the remainder of the paper. The weighted mean method and the mean method perform comparably (error ≤0.5 mm) when the amplitude of the noise is smaller than 2 mm, but the uncertainties of the estimated coseismic offsets are larger for the mean method. To recall Section 2.3, when estimating the coseismic offsets with 100 d of data and a time-series containing a small tectonic rate error, the mean method gives large uncertainties. On the one hand, one could average the final coseismic offset estimate on a smaller coseismic offset series (reducing the maximum amount of data to less than 100 d) in order to decrease the uncertainties, but on the other hand it decreases the accuracy of the coseismic offset estimate. This highlights the great sensitivity of the mean method to the presence of noise. In contrast, the results show that the weighted mean method performs with an error closely bounded by the results of the long-term strategy (Weighted Mean LS), with an averaged coseismic offset error less than 0.5 mm for all amplitudes of the noise tested in this scenario.
We now simulate GPS time-series with a fixed amplitude of noise, insert only one coseismic offset, and vary the amplitude of the seasonal signal. The parameters are listed in Scenario 2a in Table 1 . The results in Fig. 3(b) show that, for a seasonal variation modelled as a periodic signal with a first and second harmonic (f 1 = 365 d and f 2 = 182.5 d), the mean error and uncertainties of the weighted mean are small (better than 0.5 mm error with uncertainties of less than 0.4 mm). The coseismic offset series resulting from the weighted mean method is asymptotic and it converges quickly to the true estimate of the coseismic offset, even in the presence of seasonal signals. This is supported when looking at the results given by the long-term strategy (Weighted Mean LS): the error values with the weighted mean and the Weighted Mean LS are very close. In contrast, the error of the coseismic offset estimated with the mean method shows a strong sensitivity to the amplitude of the seasonal signal. For example, for an amplitude of seasonal variations of 1 mm, the mean error is around 0.5 mm (with associated uncertainties of 1 mm), and at 4 mm the amplitude of the error is approximately 1 mm (with associated uncertainties of 2 mm). As noted in the first case scenario: with a small tectonic rate error the coseismic offset and uncertainties are calculated in this case with the maximum amount of data (100 d). Common knowledge (e.g. Banerjee et al. 2007; Watson et al. 2010) indicates that the estimation of coseismic offsets from GPS time-series shorter than a few weeks should not be affected by seasonal signals. This does not give any confidence that the seasonal variations are effectively null-averaged using the optimum window or the maximum amount of data. In fact, the results underline the sensitivity of the mean method to the amplitude of the seasonal variations. Davis et al. (2012) showed that the elastic deformation estimated from GRACE observations can be used as a nonstochastic model in the simulated GPS time-series instead of the periodic model of the seasonal signal used in the previous simulations. Thus, we simulate GPS time-series with parameters similar to Scenario 2a in Table 1 , but replace the deterministic model of the seasonal signal with the elastic deformation as derived from GRACE estimates of surface loads (also called GRACE elastic deformation signal) (Darbeheshti et al. 2013) . This is called Scenario 2b in Table 1 . Note that for all simulations, the GRACE elastic deformation signal is calculated for Brazil (Sinop -Mato Grosso), to get a quasi-periodic signal with a large amplitude. This quasi-periodic signal is very similar to the one estimated at BRAZ site displayed in the study of .
The errors associated with the weighted mean method are much larger than the ones calculated in the previous case (more than 50 per cent of the mean error value for the amplitude of the seasonal variations greater than 1 mm). The difference in the results between this scenario and the previous one emphasizes that the quasi-seasonal variations with a non-stochastic model introduce a large bias in the coseismic offsets estimated with the weighted mean method. This shows the importance of estimating the seasonal signal correctly to obtain an accurate coseismic offset estimate. In addition, the error values associated with the mean method are greater than the ones with the weighted mean method. However, the uncertainties are the same magnitude for an amplitude of the seasonal variations greater than 1 mm. Therefore, in this scenario, the mean method can give similar estimates to the weighted mean method.
Finally, we simulate GPS time-series fixing the amplitude of the noise and the seasonal signal, but inserting a post-seismic relaxation delay according to Scenario 3 in Table 1 (see Fig. 3d ). The post-seismic relaxation delay is modelled with a small amplitude (less than 1.5 mm) in order to simulate the case where it is difficult to detect it in the simulated GPS time-series due to other geophysical processes and coloured noise. The results show that the mean method yields coseismic offsets with the largest absolute error and uncertainties. The explanation is similar to the previous scenarios: with relatively small tectonic rate residual in the time-series the coseismic offset and uncertainties are calculated in this case with the maximum amount of data (100 d). When estimating the different coseismic offsets with the weighted mean method, the results show that the weighted mean method is less sensitive to the presence of post-seismic relaxation delays. 
Performance of the two methods relative to the length of the time-series
Amount of GPS data available and the accuracy of the weighted mean method
In the previous section we showed that, in the case of long GPS coordinate time-series (9 yr) with a simulated coseismic offset inserted in the middle, the weighted mean method performs better in terms of accuracy and precision than the mean method. However, can the mean method outperform the weighted mean method if only a short amount of data are available after an event, such as would be the case if studying an earthquake only weeks after it had happened?
To investigate this, we use real GPS detrended time-series and follow the processing described in Section 2.2 (e.g. noise in the GPS time-series, date of the simulated event). We then simulate 195 GPS time-series changing the amplitude of the inserted coseismic offset (between 1 and 10 mm) and the tectonic rate varies up to 30 mm yr −1 . However, the mean method is applied on time-series with residual tectonic rate varying between 0.5 and 3 mm yr −1 in order to replicate the error of detrending the time-series before applying this method. In order to avoid any degradation of the coseismic offset estimates with the influence of other events, we set the maximum amount of data equal to 100 d (50 d before and after the event). We then calculate the absolute error between the true coseismic offset and the estimated one using various amount of data. Fig. 4 shows the results in terms of histograms of the absolute error between the true coseismic offset and the estimated value with the two approaches when processing the GPS time-series with window lengths of 6 months (3 + 3 months) to 9 yr (4.5 + 4.5 yr). Note that the statistics for each histogram are displayed in Table B1 .
Overall, the results show that the standard deviation of the error computed by the weighted mean method is less than the standard deviation of the results with the mean method with more than 2 yr of GPS time-series. Using 1 or 2 yr, the standard deviation of the error when using the two methods is comparable. However, the mean error is up to 0.32 mm for the weighted mean results with 2 yr or less of GPS data, whereas the mean error of the mean method is equal to 0.21 mm. Thus, the weighted mean method performs slightly worse than the mean method. These results can be explained when looking at the exponential decreasing shape of the uncertainty series described in Section 2.3 (e.g. Fig. 2b ). When the uncertainties become asymptotic, it can be assumed that there are enough GPS data to robustly estimate all the parameters of the site motion model (e.g. tectonic rate, seasonal signal). With 3 yr of data (e.g. Fig. 4d) , the standard deviation of the results with the weighted mean method is equal to a sixth of the estimated results with the mean method. In addition, the mean error is around 0.25 mm (see Table B1 ) . Thus, one should use the weighted mean method with long GPS time-series (Dt ≥ 3 yr -or 1.5 yr before and after the time of the event).
Real case scenario: an amount of post-event GPS data available
GPS stations started to be permanently installed to monitor geophysical processes since the mid 1980s. Thus, the estimation of a coseismic offset can often benefit from long GPS time-series before the event occurs. For the mean method, long GPS time-series are not really useful, except to remove the tectonic rate more accurately.
Our previous results show that the more data available, the more precise and accurate is the estimated coseismic offset when using the weighted mean method. Let us fix a certain amount of data before an event to be equal to 4.5 yr. We call this realistic case 'asymmetric GPS time-series' to differ from the symmetric GPS time-series used until now. We then do a similar processing as described in Section 3.2.1 to estimate the distribution of the absolute error in the asymmetric case, except that we vary the amount of data after the date of the event from 6 months (or 4.5 + 0.5 yr) to 4.5 yr (4.5 + 4.5 yr). Fig. 5 shows the histogram of the absolute error in the coseismic offset estimates. The mean and standard deviation values are displayed in Appendix B. With 1.5 yr of data the two methods are comparable in terms of mean value of the error, but the standard deviation of the results is almost 50 per cent less than the one associated with the mean method. With at least 2 yr of postevent data, the weighted mean method estimate more accurately the coseismic offsets than the mean method.
Application to Sumatra-Andaman earthquake
This section deals with the question on the amount of data required to get a precise and accurate displacement field produced by the Sumatra-Andaman earthquake (2004 December 26), giving an estimation on how long we needed to wait after this event.
GPS processing and methodology
We processed GPS observations using the GAMIT/GLOBK software (Herring et al. 2010) as three interwoven global subnetworks of 20 sites, each with at least five common sites between the subnetworks. This is similar to the processing described in and repeated in Montillet et al. (2013a) . We used the VMF1 mapping function and zenith hydrostatic delay from the ECMWF numerical model (Boehm et al. 2006) . The loosely constrained daily subnetworks were combined in a second step where the terrestrial reference frame was defined by performing a sixparameter Helmert transformation of the coordinates of 20 sites into the ITRF2008 (Altamimi et al. 2011) . The steps undertaken to realize the reference frame were identical for all solutions. Finally, the GPS time-series are 9.5 yr long (2000 March-2010 . Note that in the following study, we selected only 21 sites around the epicentre of the Sumatra-Andaman earthquake as displayed in Fig. 7 .
Following previous sections (in particular Section 3.2.2), the tectonic rate is removed from the GPS coordinate time-series before applying the mean method. Thus, the mean method is used with a maximum of data equal to 100 d (50 d before and after the event). Note that if we could detect an optimum window or other events occurring in the selected amount of data, then we reduced it further.
Moreover, we estimated coseismic offsets due to large events (M w > 7. (2009 September 29) . As shown in Section 3.1 (e.g. Scenario 2), this approach should limit the influence of additional events when estimating the coseismic offset of the main event. The list of those world-wide earthquakes is provided by the Global CMT Catalogue (Ekström et al. 2012) . Note that we do not show the results for GPS stations in the near-field of the Sumatra-Andaman earthquake (e.g. SAMP) as this work focuses only on stations in the far-field of an event. Following the studies of Watson et al. (2010) and Tregoning et al. (2013) , we also discard the GPS stations which were strongly offset by the Macquarie Ridge earthquake (2004 December 23) which had a magnitude equal to M w 8 (e.g. AUCK, DUNT, CHAT, MAC1, HOB2, TIDB and MOBS) .
Finally, the predicted displacement field using an updated version of the spherical elastic model developed by Pollitz (1996) is also shown in Fig. 7 (red arrows), in order to do a comparison with the results using our methods. The parameters to model the SumatraAndaman earthquake are exactly the same as the values of Pollitz et al. (2006) . The estimated values are the same as in Tregoning et al. (2013) and displayed in Appendix C.
Long time-series: How long do we need to wait with the weighted mean method to get almost the same coseismic estimates as with 9 yr of data?
Following the beginning of this section, we fix the amount of data before the date of the event equal to 4.5 yr, and we vary the amount of data available after this date. Let us process the coseismic offset series for 21 stations situated in the far-field of the Sumatra-Andaman earthquake with the weighted mean method. If we then assume that a total of 9 yr of GPS data is enough to calculate accurately a coseismic offset in the far-field of an event, one can wonder how many years are required to get similar coseismic offset estimates and uncertainties with an acceptable small error. We define the ratio of the estimated coseismic offset on the east and north coordinates as:
with |.| the absolute value, C e (L) and C n (L) the estimated coseismic offset on the east and north coordinates with L years of data; U e (L) and U n (L) the corresponding uncertainties on the east and north coordinates with L years of data. The general idea of this ratio is to have a quantitative measure to compare the estimated coseismic offset associated with the uncertainty with 9 (4.5 + 4.5) yr of data and less (i.e. 4.5 + 2.5 yr). The smaller the ratio is, the more similar the estimated coseismic offsets with 9 yr and L years are. The ratio can also be interpreted in terms of the angle between two vectors (defined by the east and north coordinates). In order to get the vectors of field displacement formed by the coseismic offset estimated on the east and north coordinates using L years and 9 yr of GPS data almost co-linear, meaning that the angle between the two vectors should be smaller than 5
• , we are calculating the percentage of stations with a ratio smaller than a threshold chosen from 1 to 4 (1 corresponds to an angle smaller than 2
• or an error smaller than 0.5 mm; 4 is an angle smaller than 5
• and error smaller than 2 mm). These values correspond to a mean error between the estimated coseismic offsets ranging from 0.3 to 2 mm. Fig. 6 shows the results. Over all, one can see that between 2 and 3 yr of GPS data after the event are necessary to get more than 80 per cent of the total number of GPS stations when the threshold Figure 6 . Graph of the percentage of GPS stations with a ratio defined in eq. (6) better than a given threshold (Ths) when varying the amount of data in order to estimate the coseismic offset with the weighted mean method (asymmetric series).
is bigger than 1. Otherwise, up to 4 yr of data are required. Finally, Fig. 7 shows the displacement field after the Sumatra-Andaman earthquake. We can compare the coseismic offset estimates with the weighted mean method (4.5 + 2.5 yr) and the results from Tregoning et al. (2013) (red arrows). We choose 2.5 yr of data after the event occurred according to the previous results. Overall, the results agree especially for the stations CEDU, MAW1, PETP and YAR2 with the difference in the estimates (east and north) less than 0.5 mm. The estimated coseismic offsets are displayed in Table C1 .
Estimation of the coseismic offset using the mean method and weighted mean method
Let us estimate the coseismic offset and uncertainties for 21 GPS stations situated in the far-field of the Sumatra-Andaman earthquake with the weighted mean method and the mean method with, respectively, 4.5 + 2.5 yr of data and 100 d. Fig. 7 shows the displacement field after applying the two methods. We can see that the weighted mean method produces generally larger coseismic offset vectors than the mean method. If we look at the absolute value of the ratio between the size of the coseismic vector and the size of the uncertainties displayed in Fig. 8, it shows that the standard deviation of the distribution over all GPS stations is the largest for the weighted mean method compared with the ratio of the estimates with the mean method. This supports that the uncertainties associated with the mean method are twice as large as those of the weighted mean method. Thus, the estimates with the mean method are likely to be less significant than the ones estimated with the weighted mean method. In other words, the weighted mean method is producing more statistically significant far-field coseismic estimates when compared with the associated uncertainties over the whole displacement field shown in Fig. 7. 
The effects of post-seismic relaxation on coseismic offset estimates
Post-seismic relaxation occurred after the Sumatra-Andaman earthquake (Kreemer et al. 2006b ). The presence of such non-linear site at The Australian National University on May 19, 2016 http://gji.oxfordjournals.org/ Downloaded from Figure 7 . Estimated coseismic offsets (arrows) and uncertainties (ellipses) for 21 GPS stations in the far-field of the Sumatra-Andaman earthquake using the weighted mean method (4.5 + 2.5 yr, blue arrows) and the mean method (maximum 100 d, black arrows). Predicted offsets are estimated in Tregoning et al. (2013) (red arrows). motion would affect the estimates of coseismic offsets, as shown in Figs 2(a) and (b). In order to ensure that our estimated farfield coseismic displacements shown in Fig. 7 are not affected by post-seismic relaxation, we enhanced our full method to include an exponential decay function, then estimated through a non-linear inversion the amplitude and time constant of the decay model along with our other parameters. We found statistically insignificant values for the amplitudes and the time constants. F-test results confirmed that these additional post-seismic relaxation parameters were not required, at the 95 per cent confidence limit in the model, confirming that our far-field estimates of coseismic displacement are not biased by the presence of post-seismic relaxation. On the other hand, we found significant amplitudes and time constants for the GPS site at Hobart, corresponding to the Macquarie Ridge earthquake (2004 December 23) . This confirms previous evidence of post-seismic relaxation occurring on the southeast coast of Australia after this earthquake (Watson et al. 2010; Tregoning et al. 2013) .
CONCLUSION
We develop a way to estimate precisely and accurately small coseismic offsets in the far-field of an earthquake based on the statistical analysis of a coseismic offset series. This series is produced either by averaging GPS coordinates immediately preceding and following the day of an event (mean method), or using the least-squares technique with a complete site motion to model the GPS coordinate time-series, including a tectonic rate and seasonal variations. From the coseismic offset series produced with the complete site motion model, the final estimate is calculated with a weighted mean method.
With simulated GPS time-series and theoretical analysis, we show that the key point with the mean method to obtain precise and accurate results is to estimate a coseismic offset by finding an inflection point in the coseismic offset series. In addition, the results underline a greater sensitivity (large uncertainties) of this method than the weighted mean method in the presence of large amplitude geophysical processes and stochastic processes. With a large amount of data (at least 1000 d before and after the event), the coseismic offset series, resulting from using a complete site motion model including seasonal variations, is asymptotic to the true value of the coseismic offset when the seasonal signal is simulated with a deterministic model in the GPS time-series. However with a non-stochastic model of the seasonal signal in the simulated GPS time-series (i.e. GRACE elastic deformation signal), the coseismic offset estimate is biased by up to 0.5 mm for an amplitude of the seasonal signal greater than 1 mm.
We used our full method to compute far-field coseismic displacements associated with the Sumatra-Andaman earthquake using 9-yr GPS time-series for 21 stations in the far-field of the earthquake, we show that 2-3 yr after the Sumatra-Andaman event are necessary to have at least 80 per cent of all the stations with coseismic offset estimates and uncertainties comparable to the estimates produced using all available data. Statistically significant far-field coseismic estimates extend as far as 5500 km from the fault rupture zone using the weighted mean method.
The weighted mean method should be used to estimate accurately and precisely coseismic offsets in the far-field of an event when 2-3 yr of post-event data are available. With less GPS data available, one can use the mean method, which generally produces large uncertainties, and thus less statistically significant estimated coseismic offsets. While each GPS time-series is a unique sum of stochastic and geophysical processes, it is possible to decrease the at The Australian National University on May 19, 2016 http://gji.oxfordjournals.org/ Downloaded from sensitivity of the mean method to these signals through a careful analysis of the coseismic offset series.
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This Table C1 displays the values of the coseismic offset estimated with the weighted mean method (4.5 + 2.5 yr) shown in Fig. 7 . Table C1 . Coseismic offset estimated with the weighted mean method (4.5 + 2.5 yr) at 21 stations in the far-field of the Sumatra-Andaman event. The last two columns (Ěast andŇ orth) are the predicted offsets from Tregoning et al. (2013 
